Background/Aims: Activated hepatic stellate cells (HSCs) are the major source of extracellular matrix (ECM). Therefore inhibiting HSC activation is considered as an effective strategy to inhibit the process of liver fibrosis. This study aimed to investigate the underlying mechanism of methyl helicterate (MH) isolated from Helicteres angustifolia on the activation of HSCs. Methods: HSC-T6 cells were treated with various concentration of MH and autophagy was inhibited by 3-Methyl adenine (3-MA) or RNA interference. Cell viability was observed by MTT assay and cell colony assay. Cell cycle and apoptosis were analyzed using flow cytometry. Autophagic vacuoles were observed by transmission electron microscopy and monodansyl cadaverine (MDC) staining. Moreover, autophagy-related genes and proteins were detected using real-time PCR and Western blot assays, respectively. Results: MH significantly inhibited HSC activation, as evidenced by the inhibition of cell viability, colony formation and the expression of α-SMA and collagen I. MH caused cell cycle arrest in G2/M phase. Moreover, MH significantly induced apoptosis through regulating the mitochondria-dependent pathway and the activity of caspases. MH treatment significantly increased lysosomes and autophagosomes, and enhanced the formation of autophagic vacuoles and autophagic flux. Interestingly, inhibiting autophagy by 3-MA or RNA interference abolished the ability of MH in inhibiting HSC activation. On the other hand, induction of autophagy promoted MH-induced HSC apoptosis. Further study showed that MH-induced HSC apoptosis and autophagy was mediated by the JNK and PI3K/Akt/mTOR pathways. Conclusion: Our results demonstrate that MH-induced HSC apoptosis and autophagy may be one of the important mechanisms for its anti-fibrosis effect.
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Introduction
Hepatic fibrosis characterized by excessive accumulation of extracellular matrix (ECM) is an essential pathophysiologic consequence of chronic hepatic injury [1] . Hepatic stellate cells (HSCs) are the main source of ECM. Upon chronic liver injury, HSCs transdifferentiate from quiescent, lipid droplet-containing cells toward myofibroblast-like cells with an increased proliferation rate, decreased number of lipid droplets and high production of ECM. HSC activation is a critical event in hepatic fibrogenesis, and therefore suppressing HSC activation has been considered an important strategy to intervene the process of liver fibrosis [2] .
Recent studies demonstrated that autophagy may play a double-role in hepatic diseases including liver fibrosis. On one hand, autophagy acted as a player that induced HSC activation and exacerbated liver fibrosis [3] , which supplied energy for activation of HSCs by delivering triglycerides and other components. Therefore, many researchers believe that suppression of autophagy may be a promising therapeutic target for the treatment of liver fibrosis [4] . But, on the other hand, it was already shown that inhibition of autophagy (through deleting the autophagy-related genes or using autophagy inhibitors) reduced the activation of HSC, which led to reduced fibrosis [5] . These contradictory results of the previous studies suggest that autophagy is a double-edged sword: appropriate autophagy level is considered as a selfprotection mechanism, whereas excessive autophagy induction can lead to cell death [6] .
Natural products recently have attracted extensive attention in the prevention and treatment of liver fibrosis. Helicteres angustifolia (Sterculiaceae) has been widely used in traditional Chinese medicine for the treatment of immune disorders and liver diseases. We previously have isolated an active ingredient from this herb and identified it as methyl helicterate (MH). We found that MH significantly alleviated CCl 4 -induced hepatic injury in rats by suppressing oxidative stress, NF-κB activation and Fas/FasL pathway [7] , and it also notably ameliorated liver injury induced by hepatitis B virus [8] . Moreover, MH significantly ameliorated CCl 4 -induced hepatic fibrosis in rats through modulation of TGF-β/Smad3 signaling pathway [9] . However, its protective mechanism on hepatic fibrosis, especially on hepatic stellate cells, remains unclear so far. In our recent pilot experiment, we found that MH markedly induced HSC-T6 cell apoptosis and autophagic cell death, suggesting that the protective effect of MH on hepatic fibrosis may be associated with the regulation of apoptosis and autophagy.
In the present study, to verify our hypothesis, we should analyze the processes of autophagy and apoptosis triggered by MH and the role of the JNK and PI3K/Akt/mTOR signaling pathways in these two events in HSCs.
Materials and Methods

Cytotoxicity test
MTT assay was performed to assess the cytotoxicity of methyl helicterate (MH) on HSC-T6 cells. Briefly, HSC-T6 cells were seeded in 96-well plates (1×10 6 cells/well) for 24 h, and then were treated with various concentration of MH for 24 h; finally, 100 μL MTT (5 mg/mL) was added to each well and incu bated for 4 h. The absorbance was measured at 570 nm using a microplate reader (Bio-Tek, USA). The half maximal inhibitory concentration (IC 50 ) values were calculated.
Cell culture and treatment HSC-T6 cells were cultured in Dulbecco's modified eagle medium (DMEM) [10] . Cells were treated with equal amount of culture medium (normal control) or MH (3, 6 , and 12 μmol/l) in the absence or presence of various agents, including E64d (10 μg/ml, Cayman Chemical), Pep A (10 μg/ml, Sigma), 3-Methyl adenine (3-MA; 5 mmol/l, Sigma), Rapamycin (Rap; 10 nmol/l, Sigma), LY294002 (25 μmol/l, ALEXIS Biochemicals), and SP600125 (10 μmol/l, Cayman Chemical). 
Cell colony assay
The effect of MH on cell colony was observed as previously described [11] . In brief, HSC-T6 cells were seeded into 6-well plates (1×10 3 cells/well) and treated with various concentration of MH. Following a further 5 days of incubation, cells were fixed with methanol and stained with crystal violet. Colony forming unites that compose of fifty or more than were counted.
Cell cycle analysis
Cell cycle was analyzed using flow cytometry as described previously [12] . Briefly, HSC-T6 cells were treated with MH for 24 h. Then cells were suspended, washed with PBS, centrifuged, and fixed in 70% ethanol (v/v) at -20°C overnight. Finally, the cells were stained with propidium iodide (PI) solution (20 mg/ mL PI and 250 mg/mL RNAse in a solution of 0.1% Triton X-100 in PBS) for 1 h at 50 °C. Cell cycle analysis of PI-stained cells was performed using a FACScan flow cytometer (Becton Dickinson).
Apoptosis analysis
HSC-T6 cells were seeded in 6-well plates (3× 10 5 cells/well) overnight, then treated with MH as described above for 24 h. Annexin V-FITC (10 μl) and PI solution (10 μl) were added and incubated for 20 min at room temperature in dark. A total of 400 μl binding buffer was then added, and the cells were immediately analyzed with a flow cytometer (Becton Dickinson) [12] .
Detection of mitochondrial membrane potential (MMP)
MMP was detected as previously described [13] . Briefly, HSC-T6 cells were seeded in 12 well-plates (3 × 10 5 cells/well) overnight and treated with MH (3, 6, and 12 μM) for 24 h. About 500 μl of JC-1 (5, 5',6, 6'-tetrachloro -1, 1',3, 3'-tetraethylbenzimi-dazolylcarbocyanine iodide) was added into each well for 20 min and MMP was then measured using a FACScan flow cytometry (Becton Dickson) [14] .
Transmission electron microscopy Cells were serum-starved for 12 h and treated with MH as described above for 24 h for morphological examination using transmission electron microscopy, as previously described [10] .
Detection of autophagic vacuoles
Cells were serum-starved for 12 h and treated with MH as described above for 24 h. Then, cells were incubated with 0.05 mM monodansyl cadaverine (MDC) in PBS for 10 min at 37 °C. The cells were next washed 4 times with PBS and observed under a fluorescence microscope at excitation wavelength of 380 nm and emission wavelength of 525 nm as previously described [10] .
RNA interference siRNAs against human Atg5 (sense: 5′-GAC GUU GGU AAC UGA CAA ATT-3′, and antisense: 5′-UUU GUC AGU UAC CAA CGU CTT-3′) were purchased from Genepharma (Shanghai, China). The control siRNA or Atg5-siRNA was transfected with Lipofectamine 2000 reagent (Invitrogen Inc., California, USA) for 24 h in HSC-T6 cells according to the manufacturer's protocol. Forty-eight hours later, the medium was renewed and the cells were rinsed with PBS thrice and extracted for sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) in lysis buffer.
Real-time reverse transcription polymerase chain reaction (RT-PCR)
Total RNA was extracted from cells by TRIzol reagent (Life Technologies, Inc.) and RT-PCR assay was performed as described previously [15] . The primers were as follows: Atg5: 5′-GGC CAT CAA TCG GAA ACT CAT-3′ and 5′-CAG CCA CAG GAC GAA ACA GC-3′; Atg7: 5′-GGC TCA TCG CTT TTT GCC A AC ATC-3′ and 5′-GCA CTG CTG GTC CAA GGT CCG-3′; β-actin: 5′-ACT TA G TTG CGT TAC ACC CTT-3′ and 5′-GTC ACC TTC ACC GTT CCA-3′. 
Western blot
Western blot assay was performed as described previously [12] . Briefly, the total proteins were isolated from cells using RIPA buffer (Thermo Fischer Scientific, Inc., Waltham, MA) according to the manufacturer's instruction. The protein was separated on 10% sodium dodecyl sulfate (SDS)-polyacrylamide gels, and then transferred onto nitrocellulose membranes (Millipore Corporation, USA). The membrane was incubated with the primary antibodies for 24 h at 4 °C, including α-SMA (1:400; Bioss, China), collagen-I (1:1000; Abcam, USA), cleaved PAPR (1:500), cleaved caspase-3 (1:500), cleaved caspase-8 (1:500), Atg5 (1:500), Atg7 (1:500), Beclin-1 (1:500), LC3 I/II (1:500), P62 (1:500) (Cell Signaling Technology), Bcl-2 (1:500), Bax (1:500), cytochrome c (1:500) (Santa Cruz Biotechnology), PI3K (1:400), p-PI3K (1:400), p-Akt (1:400), Akt (1:400), p-mTOR (1:400), mTOR (1:400), p-p70S6k (1:400), p70S6k (1:400) (Bioworld Technology Inc.), p-JNK (1:400), JNK (1:400), p-c-Jun (1:400), c-Jun (1:400) (Epitomic, San Francisco, California, USA), and GAPDH (1:500; Santa Cruz Biotechnology), and then incubated with the secondary antibodies conjugated to horseradish peroxidase (HRP) for 30 min at room temperature. Following washing and preincubation in staining buffer, the colorimetric reaction was developed by incubating the membranes with HRP substrate. The bands were scanned and quantified by NIH IMAGEJ 1.38 Software (US National Institutes of Health, Bethesda). The detected proteins were normalized to GAPDH or the respective total protein, as appropriate.
Statistical analysis
Statistical analysis was carried out using the Software of SPSS (Ver.11.5) as described in our previous study [16] . Differences between the groups were assessed using a one-way analysis of variance (ANOVA) with a Tukey's test for post hoc multiple comparisons. The data are presented as the means ± SD. A p-value < 0.05 was considered statistically significant.
Results
MH inhibited HSC activation
The result showed that MH significantly reduced cell viability in a concentrationdependent manner and its IC 50 was 13.57 ± 3.63 μM (Fig. 1A) . Therefore, the concentration 3, 6 and 12 μM were chose for the following experiments.
Activated HSCs play a pivotal role in liver fibrosis. We observed that MH inhibited the colony formation of HSC-T6 cells in a concentration-dependent manner (Fig. 1B) . Moreover, we determined the expression of α-SMA and collagen I to assess the activation status of HSCs and found that MH significantly reduced the expression of α-SMA and collagen I in HSC-T6 cells (Fig. 1C and D) , suggesting that MH can inhibit HSC activation. 
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MH caused mitochondrial dysfunction
Mitochondrial dysfunction is one of the mecha nisms for induction of apoptosis. In the present study, we found that MH decreased the mitochondrial membrane potential (MMP) in a dose-dependent manner (Fig. 3A) . Meanwhile, MH significantly promoted the release of cytochrome C from mitochondria to cytoplasm, resulting in a decrease in mitochondrial cytochrome C level (Fig. 3B) . These results suggested that MH promotes HSC apoptosis partially through destroying the mitochondrial function. 
MH induced HSC autophagy
Excessive autophagy may induce autophagic cell death. In the present study, we firstly observed autophagosomes using electron microscopy and found that MH treatment significantly increased lysosomes and autophagosomes (Fig. 4A) . Moreover, by using the autofluorescent monodansyl cadaverine dye, we found that MH significantly increased the formation of autophagic vacuoles in HSC-T6 cells (Fig. 4B) . Furthermore, we analyzed the important biomarkers of autophagosome formation. We found that MH notably increased the conversion of LC3-I to LC3-II, upregulated the protein expressions of Beclin-1, and decreased the expression of P62 (Fig. 4C and D) ; furthermore, MH significantly enhanced the mRNA and protein expressions of Atg 5 and 7 ( Fig. 4E and F) . In addition, we further assessed the effect of MH on autophagic flux. E64d and Pep A are the lysosomal protease inhibitors that interfere with the fusion between autophagosomes and lysosomes [17] . In our experiment, HSC-T6 cells were pretreated with E64d + Pep A for 1 h and then were treated with MH for 24 h. We found that the two inhibitors induced a further increase in the MH-induced accumulation of LC3-II (Fig. 4G) , suggesting that MH can enhance autophagic flux. Taken together, our findings indicated that MH induces an autophagic response in HSCs. 
Inhibition of autophagy impaired the ability of MH in inhibiting HSC activation
HSC-T6 cells were pretreated with PDGF-BB (10 nmol/l) for 24 h to induce cell activation followed by 3-Methyl adenine (3-MA) for 12 h, and then wells were treated with 12 μM MH for 24 h. As shown in Fig. 5A , treatment with MH markedly increased the conversion of LC3-I to LC3-II compared with vehicle-treated HSCs, but autophagy specific inhibitor 3-MA treatment largely abolished the promoting effect of MH on autophagy. Moreover, treatment with MH markedly decreased the expressions of α-SMA and collagen I, whereas 3-MA significantly impaired the ability of MH in inhibiting the expressions of both the proteins. Similarly, Atg5 knockdown (blocking autophagy) also abolished the inhibitory effect of MH on HSC activation (Fig. 5B) . Overall, these data demonstrated that inhibition of autophagy impaired the effect of MH on HSC activation.
Autophagy promoted MH-induced apoptosis
LC3-II is an autophagy-specific marker. Expression of cleaved PARP occurs downstream of caspase activation, which is a specific marker of apoptosis. In the present study, the expression of both LC3-II and cleaved PARP was significantly increased after MH treatment. However, their changes were obviously not synchronized: the expression of cleaved PARP was significantly increased at 24 h, whereas LC3-II increased markedly at 6 h (Fig. 6A) . These results suggested that autophagy precedes apoptosis in MH-treated HSCs.
As shown in Fig. 6B , treatment with MH (12 μM) increased the apoptotic rate compared with the normal control. Interestingly, application of rapamycin (a specific autophagic promotor, 10 nmol/l) could further promoted MH-induced apoptotic rate. Moreover, rapamycin also further increased the levels of the apoptosis-related markers, such as cleaved caspase-3 and-8 as well as cleaved PARP in response to MH (Fig. 6C) . These results suggested that induction of autophagy promotes MH-induced apoptosis.
JNK signaling pathway involved in MH-induced autophagy and apoptosis
Autophagy can be induced by activated c-Jun during endoplasmic reticulum (ER) stress response [18] . In the present study, treatment with MH for 24 h significantly increased the phosphorylation of JNK and c-Jun (Fig. 7A) . Moreover, compared to MH alone, pretreatment with the JNK-specific inhibitor SP600125 for 12 h not only effectively decreased the expression of Beclin-1 and LC3-II (Fig. 7B) , but also decreased the expression of the apoptosis-related 
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proteins, including cleaved caspase-3, cleaved caspase-8 and cleaved PARP (Fig. 7C) . These results suggested that MH induces autophagy and apoptosis in HSCs partially through the activation of the JNK pathway.
MH induced apoptosis and autophagy through inhibition of the PI3K/Akt/mTOR pathway PI3K/Akt/mTOR signaling pathway plays an important role in apoptotic and autophagic cell death. In the present study, treatment with MH for 24 h decreased the phosphorylation of PI3K, AKT, mTOR and p70S6K in a concentration-dependent manner (Fig. 8A) , suggesting that MH significantly inhibits the Akt/mTOR/p70S6K signaling pathway. Moreover, treatment with the PI3K/Akt inhibitor LY294002 alone for 12 h did not increase the basal apoptosis level, but it did increase the amount of MH-induced apoptosis (Fig. 8B) . Similarly, LY294002 alone did not increase the processing of LC3-II, but it did promote MH-induced processing of LC3-I to LC3-II (Fig. 8C) . These results indicated that MH induces autophagy and apoptosis also through the inhibition of the PI3K/Akt/mTOR signaling pathway.
Discussion
HSCs trans-differentiation into myofibroblasts has been identified as an important event in liver fibrogenesis, and therefore inhibiting HSC activation is a key in reversing hepatic fibrosis [2] . In the present study, MH treatment significantly inhibited HSC-T6 cell viability and colony formation in a concentration-dependent manner. MH notably reduced the expressions of α-SMA and collagen I. Moreover, MH treatment arrested HSC-T6 cells in G2/M phase. These data suggested that MH significantly inhibits HSC activation.
Previous studies have showed that selective removal of activated HSCs through induction of apoptosis is a therapeutic strategy in hepatic fibrosis [19] . It has been demonstrated that apoptosis is closely related to the mitochondria-dependent pathway. Mitochondrial dysfunction causes the collapse of mitochondria membrane potential (MMP), which results in mitochondrial permeability transition pore (MPTP) opening, enabling to the release of [20] . The mitochondria-dependent apoptotic pathway is regulated by Bcl-2 family of proteins, including Bax and Bcl-2. An increase in the Bax/Bcl-2 ratio has been confirmed to promote apoptosis by directly activating the mitochondrial apoptotic pathway [21] . In addition, apoptosis is caused by proteases, known as "caspases", which specifically target cysteine aspartyl [22] . With respect to the inhibitory effects of MH on HSC activation and collagen synthesis, we observed that treatment with MH significantly induced apoptosis in HSC-T6 cells. As an attempt to elucidate the molecular mechanism involved in MH-induced apoptosis, we observed that MH significantly decreased the anti-apoptotic proteins Bcl-2 expression, increased the pro-apoptotic proteins Bax level, and caused a loss of MMP and an obvious translocation of cytochrome c from mitochondria to cytosol. Moreover, MH markedly increased the activities of caspase-3 and -8. These data indicated that MH-induced HSC apoptosis is mediated by the mitochondria-dependent pathway and the activation of caspases. Autophagy as a defensive mechanism against liver fibrosis has been identified by accumulating evidences. Chen et al. [23] reported that the ability of Oroxylin A in ameliorating liver fibrosis and inhibiting HSC activation is associated with activation of autophagy. Yang et al. [24] found that the protective effects of caffeic acid phenethyl ester against liver fibrosis might due to the inhibition of TGF-β1/Smad3 signaling and induction of authophagy in HSCs. Moreover, Zhang et al. [25] also demonstrated that dihydroartemisinin suppressed inflammation in liver fibrosis model by inducing autophagy pathway. In the present study, MH treatment significantly increased lysosomes and autophagosomes in a concentrationdependent manner in HSC-T6 cells. MH notably increased the formation of autophagic vacuoles and enhanced autophagic flux. Furthermore, MH markedly increased the conversion of LC3-I to LC3-II, upregulated the expressions of Beclin-1, Atg 5 and 7, but reduced the expression of P62. Interestingly, inhibition of autophagy by 3-MA or Atg5 knockdown abolished the ability of MH in inhibiting HSC activation. In contrast, induction of autophagy by rapamycin promoted MH-induced HSC apoptosis. Our results suggested that autophagy induced by MH may be an important underlying mechanism for the anti-fibrosis effect of MH, to some extent.
The JNK pathway is well known to be involved in hepatic fibrogenesis and HSC activation [26] . In this study, MH treatment significantly induced the activation of the JNK pathway. Interestingly, pretreatment with the JNK-specific inhibitor SP600125 not only effectively blocked MH-induced autophagy, but also decreased the expression of the apoptosis-related proteins, suggesting that MH induces autophagy and apoptosis in HSCs partially through activating the JNK pathway. Moreover, the Akt/mTOR/p70S6k signaling pathway is also involved in liver fibrogenesis and HSC activation, as the use of a number of inhibitors of this pathway alleviated liver fibrosis and decreased HSC activation [27] . In the present study, treatment with MH for 24 h decreased the phosphorylation of PI3K, AKT, mTOR and p70S6K in a concentration-dependent manner, suggesting an inhibitory effect of MH on the Akt/ mTOR/p70S6K pathway. Importantly, treatment with the PI3K/Akt inhibitor LY294002 did increase the amount of MH-induced apoptosis and promote the MH-induced processing of LC3-II, suggesting that MH induces autophagy and apoptosis also through the inhibition of the PI3K/Akt/mTOR pathway.
Conclusion
The present study demonstrates that MH significantly inhibits HSC-T6 cell activation and induces cell cycle arrest at G2/M phase. Moreover, it markedly induces HSC apoptosis and autophagy via regulating the JNK and PI3K/Akt/mTOR pathways. The present study provides novel insights into the anti-fibrotic mechanism of MH and highlights the complex interplay between apoptosis and autophagy.
